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he chiracterized oy sialler size and simpler desipns. Consequently, futume missions will

e chimacterized by “low” d yates and pelatively “weak” space to ground hnks. As @

csul | data compression {echmiques ahoard he spaccaalt and advanced signal processing,

-

techmiques on the ground provide chieap alternatives to increase the scentific return of

mission by fimpoving, the communication Tink margin. This aticle functionally desenbes

novel Suflered Telemetry Demodulato (BTD) smtaHle for space missions charactenzed Hy

low datirates, and rcdatively weak space to ground commmmication Iinks. The BED operate

on 1ecorded (o bufiered) digital samples to extract symbols from the veceived signa
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The applications of the 31D extend to conent missions to provide emergency hackup
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to operate the conmmmication Tk below the threshold of corrent aeceivers. For example,

consider NASA’s Galileo spaceara cunen y on its way o Jupi e Due o mechames!

problens Ciat have ender d he Galileo spaceaafCs high gain an nns vnusaole, the anssion

will iave o 1ely on Galileo’s low gain antenna for data transmission back to cant i Tac

symbol ate for Dis Jow gain mission will va y from 32 sps (symbols Her second 1?2 sps

with symbol signal-to noise ratios (SNRs) 1anging, from =10 dB to -6 d 3. The Tink margin

at these SNRs s so low tha signal acquisi jon (carricr, subcaticr, and symbol) can ta

up o twenty minutes, 1eanlting in signilicant data loss. Tn order to maxiimze the data vate,

suppressed carniars are used and since the Costas loop SNR s a nonlimear function of the




symbol SNR significant squaring, Toss 1esulis in the JoOp. Additional, 7 since the downlink
symbol rate can he propranmmed to take sdvatape of theantenmaapertmes onthe pround,
several datarate changes can () (7(11 Inapass o1 asingle day, cachiesulting indata 10ss due
to resyncl nonization in the groundieceiver. At present, datalostd miing acquisionoreycle
slips is notrecoverable hecause existing, 1eccivers i NASA’s Deep SpaceNetwork (DSN)
process TG signal inyeal-time and do not bufier o storethereceivedsignan 101 1eprocessing,

The Buffered Tlametry Danodulaton (B1D) is a coherent receiving, system which over:
cComes these problems by recording the signal and then processing, and 1eprocessing, the
samples. Onee acquisition occurs, the BED (<inn operate on the past datausing, estimates
of the sipnal state (such as phase, ieguencyand (10]) D101 vate)tobasically gohackintime
andiccover those symbols lost duing acquisition. This is 1elarred to as sioothing where
futuredata is use dto provide an estimate i the past. The BTD is designed mainly for
1o0\% symboliatcapplicationsand canbe nnplemented 011 i peneial puposewor kstation. In
order to 1edu ce the computationalvequivement, thesignal is 1( *(7(111¢ (@ onasubcarnerha-
momec basis, thus 1endermg, the BT independent of the subcarnier frequency. This results
i a commputa U onal throughput tequitement ha sed on the sy anbolrate 1at hey than on the
haudwidth of the transmitted signal. Conseque ntly, whenantamaarraying is employed [47,
only afractionof the total signalbandwidth 11( " (1s tobe ttansimitted between antenmasites
resulting, i significant reduction 1 transmission requitcrmnents,

Scction 2 of this pape briefly 1eviews the existing cohcrentiecciver which demodulates
the downhnk signal inreal thne, Sections 3 and 4 desaribe therecording, and demod ulation
functions of the BTD. I is shown thatthe BTD paifonmance exceeds thatof existing 1cceivers
sinceno data is lost due to 1eprocessing. The B1D himplarnentation on varions workstations

i s cvaluat cdinsee ion b, and sinoothing strategics e discussed i section (i.




2 A Review of Current Recervers

In deep space conmnunications; baschand symibol s sme typically first modulat ¢d onto
i squine-wave subcarricrand 1)1 )1 ontoa sinewa Ve carnier. This allows transimission of
a 1esidual car nier component whose frequency (1 o¢stycommcade withthedata sy o wn.
Consequently, at the recciving, end the doep space signal is demodula ted using a cariier
subcarnier, and symbol synchronizer loops. This section briefly reviews the Advanced Receiver
(ARX) [11 carricr andsubcaria Joops so that they can be compared to the cavner and
subcarrier 1007)s” of the B I'D. The AR X is arceciving system thathas been developed to
digitally demodulate and 111007 ¢ss signalsfrom a( ¢ spacespaceaalt. Iis a brcadboard
system forthe Block Vaicceiver | which will eventually 1place various receive s canrent ly used
inthe DSN [2]). The main diflerence between the AR X and B'TD is that the ARX carrierand
subcarnicrloops process the received signal afterit has heen open- loop down comver ted o an
mtermediate frequency (1) prneaciis, the BT loops process the recei ved signal a (tenit has
11( 11 open-loop agysticoin el tedtobasehandona subcariierharmonic basis. A1 the othe
receiving, functions, c.g. symbol syndionization, symboldcteation, lock detection, of ¢ are
iplemented the samme way in both the AR X and B'TD. C onsequ ently, they arve not discussed
in thisar ticle. Instead, the intarested rcader is 1efarrc:dto [ fora ¢ ornplete 1¢view of these
functions.

A blockdiagram of the AR X carricrand subcarnierloops is shownin )ig, 1. The 1ecci ved
signal, whichis assumed to be atypical (1( (1) space signal, after downcor version Lo an
111 nopriate 1 canberepresentedas [2)

(1) : V2P cos(A Ysin[W, (1)] -1 V2P sin(A)d(t) spndsin[¥,, (D]} cos[W, (1)) 1 n(t) (1)
whare thefinsttenmiepresents theresiduad carnrier component and the second term repne se nts
the datii modulation. The total Power 'in Watds (W) is (iiNi(I(xI between the residual
car ricr and data by controlling, the modulation imdex, A . Speafically, the carnicer powa

r:r (t()s"(/\) and the data power Py: P sin?(/\), respectively, The quantity 1iv, () is the

—




total ¢a rrict phase and W, (1) is the tota) subcar yier phase, both ill vadians. -v11¢ data,d(1),

is given by
[eR)

(l'(i) oy o ap(t ) (())

1: el
whiere p(1) is the unit-power squaie pulse it ed to 1" scconds and {a;} 1¢ presents the
independent and equally likely binary (:1 1 ) symbols. The noise process, n(t), is modeled as
bandpass with a flat one-sided power spectial density (17S11) level equalto Ny W/Hz. By

expressing the squay ¢ wave subear ner as an infinte sumn, e,

/1 [eH]

seanfsin¥ (O = > sinfi (1) (*)

n <
W
the digi wed signal which is sampled at rate fo 2 1/7, can be writ en as

4

7

>’; sin[7 W, (K75)]
3 ll 7

yodd

(k1) - \/?.]’( sin| W (RT))]H \/f).]’,{(/(]."/;) cos|W (KT a(KT,) (4)
where only harmonics up to the L subcarrier harmonic (1 is anodd integer ) are assuined
to he present at the A/D converter outputin Fig. 2. Sainples of the bandpassnoise («inn be

ex pressed as
n(k1y) = Vo (K1) cos|W (K1) - V2 (KT sin[V (K1) (h)

where therandom variables wy (K1) and ug (K7,) ave samples of the ba sehand noise processes
1y (1) and 15(1) which ave assumed to be st atistically independent | white Gau ssian noise

processeswith aflat one sided 1781 ) Jevel equalto No W /Hz withina one sided handwidth

cqual to 1/ (2T W a.  As  a result, wy (K1) and 1o (k7)) are zero mcan with variance o -
] "
(:;‘:,1 C No/(21,). When appropniate, the time index K will be omitted from now on to

allow a shmpler notation
a111¢ residualearrier 1 acking loop control sig mal, U, in Fip. 1, is derived by mixing the

digi ized 117 signal with its carncrquadraturecomponent dow- passfiltering the mixeroutput,




and then accunulating the filtered samples over the loop update interval. Mathematically,
Uy JIesin(d) 4, (6)

where ¢, s the carrier phase error, ny, 18 a zero mean Gaussian random variable with
vatriance No/(27,), and 1, M1, is the loop update inter val in seconds. Note that the
data has been neglected mwriting (6), since it is assuined that the accunnalatorin the canier
quad rat w1 ¢ at m aver ages ovarseveralsubcarticreycles . e, foly > 1) so thatthe data sum
is approximatcly zero. It will be shown in section 4 thatthe BT'D canierloop coritrol signal
has the same signal power and noise statistics as @ andtherefore, both loops will have the
sarne tracking performance.

Next, let’s consider the subcarriar tracking loop. A's shown in Fig. I, the input to the
subcarri erloop is the quadratme component of the residual carrier . The subcarnar control
signal is obtained by forming the product Zi 7« where Zi is the output of thesubearnicr
m-phase avmand 7, ., is the output of the subcarriar quadrature arm. Note that the sub
senipl ‘su’ in 7, ., is used to distinguish it from 7 ., thequadrature arm of thesuppressc-q
carricr loop. The signal s 7; and (%, 0 tained after 1espect] vely mixing the residual carrien
quadrature component with the subcarrier in- pha se and quadraturerceferen ces and then ac-
cumulati ng these samples overa symbol duration (perfect symbol synchr onization assuined),

are given as (1]

Zi [Pk ($a) cos(e) +f nz, (7)
and
Zq,.«u B \/])d(’l]"v("(d’su) ("(’S(d’(’) - “Zq,,., (8)

where ¢, is the subcarrier phase errorand the functions, 19 (¢q,) and Fo(¢s. ), are paiodic
functions of ¢g, (1reriod 22) given in the principal phase interval [ a4, %] as follows [1]

: 2 .
]"](Qf'.su ) 1 - 7 M’sul) |d’.«u‘ <o ((j)




and

(o )( %3 |Gl < (1 /2) W,
]“Q(d)“,) , Sgn((/)_.,.u)”/,u (7( /?.)H/_,,u < |d)su| <%(l- Wa/2) (lo)

2se0(¢n)  (2/1) e 711 - Wi [2)<|¢heu| <

The par ameter Wy, ill fi actions of cycles, is the width of thesubcarrier window (W, < 1
and We,: 1 co rresponds to no window) . It is used in the quadrature arm to improve the
sq uare-wave {racking, performance [3]. Thenoise ny, andny, ., in (7) and (8)are independent
withrespective variances N /(21 1) and NoW,, 7(2°7°) where T denotessyimbol an ration. I
will beshowninsection4 that the 1{ ’1 1) in-phasc and quadraturc accmnula tor outputs have
the sarne signal and noise statistics as (/) and(8). Consequently, both subcarrierloops will
have the sarne control signal and ther efor ¢, the sarne tracking, performance.

Finally, let’s consider the suppressed car rier with subcar rier case (A = 90°m (1 )). In
this scenan o, the suppressed carnier loop control signal is obtaimed by for ming the product
ZiZigsea as shown in Fig, 1. The signal Z;, whiichi was shown to be the subcart ien in-phasc
component, now becomes the suppressed carrier in-phase component be:cause it is already
propor tional to cOs(¢he) and F(¢q, ) as indicat ed by (7). The suppressed car rier quadrature
corniponentZ, ., is generated by mixing, the digitized 110 signal with the quadr ature cania
reference and the in-phase subcarriar reference, and then accumulating the resulting samples
ON'(Cr asymbolduration. 1lence, the suppressed carrier in-phase and quadratu ¢ signals are
given as [1]

Zi - \/]’d(u]"](c,/:m,) cos(¢e) -1 ny, (11)
and

Zq,sm : \/],d(”]'yll(d’su)Si“(‘/’r) | N7 eca (]?)

whereny; and ny, .. arc independent with variance No/(21'). 1t will be shown in section 4
that the in-phase and quadrature signals of the B 'TD suppressed carner loop have the saie

statis tics asin @ 1) and @ 2). 1 lence, both suppressed carrierloops will have the same error




sig nal and tracking, perfor mance.

3 Bascband Recording

As indicated carlicr, the BTD processes the received signal after it has been open-loop
(lou’llc.oil\"(:Jt(:(I” tobascbandonasubcariierhavimonicbasisandrecordedontape. This see-
tion describes two methods for recor ding, the 1cceived signal at baschand. “Uhefirst recording,
schieme, depicted in Iig. 2a, distributes the sampled 110 signal into 2 carrier ¢ jannels and4n
subcarriar chaunels where n denotes the wamber of subcarrier harmonics present atthe A/
oulput and is related to 1, (the highest recorded subcart ier harmonic) through L= 20 - 1.
Recording of the carrier requires two channels hecause baschand demodulation requit es both
in-phase and quadrature samples. Similatly, recording, of cach subcarrier harmonic requires
4 chainels, 2 chawnels (1 1n-phase subcarrier chanieland 1 quadrature subycarrier rannel )
per ¢aarier chanmel (in-phase and q vadrature). Table 1a depicts the loss in data power as a
function of the highest recorded subcarrier harmonic 1.

Fach band of the sampled 117 signal is 1¢C01ded at baschand after mixing it with tones
tuned to its predicted center frequency. The predicts are assuimed to be close , but not
exaclly equal, to the actual band center frequency. Yor example, consider the two channels
that record the residual carrier. In the residual carrier sine chianiniel, the sampled 110 signal is
mixed with v/2 sin \j'p(k'J;), where \j’c(kf/'s ) is an estimate of the actualcarrier phase W (K7),
and low- pass fillered to oblain the 1ecorded wavefor inCo(R7T5). Siinilarly, in the residual
carrier cosine ¢hiannel, the sampled 11 signal is mixed with V2 cos \j’c(k'];) and low-pass

filtered to obtain Co (k7). The recor ded carrier is given by [6)

O, \/]'r(7(’3((‘)r) 4 ne, (13a)
C.- \/]’(sin(()r)-l 1., (13h)




A . . .. .
where O, =W, - W and where, using the Heaviside operator potation?!

e, s He(2) - 19 sin(©,) - 1z cos(0,)} (14a)

e, s Ho(2) {1y cos(0,) - nysin(6,)} (14h)

The low-pass filter H.(z) is assuied to be bandlimited to I3, Hz. Furthermore, since the
carrici frequency error (derivative of O,) is assumed to be mud i sinaller than 1., both n,,
and n., are baseband processes limited to B, with a flat one- sided 1’ S1 ) level equal to Ny
W/l

One appr oach to bascband recording of the subcarriar is the two- stage downconversion
scheme shown in Fig. 2a. The first stage centers the 110 spectram near de by mmxing, it
with sine a nd cosine 1 eferences tuned to the pr edicted car i ier fi equency. The second stage
first individually downconverts cach of the subcarrier harmonics to baseband by mixing the
output of the first stage with sine and cosine references tuned to multiples of the predicted
subcarrier frequency, then low- pass filters the mixer output followed by recor ding, of the
desired subycarier harmonic. I 'he data power loss due to Jow-pass filtering, is tabulated in
Table 1 b as a function of theratio of the bandwidth B, (of the filter Mo (2) inFig. 2) to
symbol rate.* A's shown in scction 4, coherent subcarrier demodulation requires an integer
phase relationship be maintained between the subcarrier references that downconvert the
subcarrier harmonics to bascbar id. That s, let \i’su denote the phase of the reference that
downconverts the fundamental harmonic, then the mt* subcarrier harmonic is downconver ted
by mixing the outpul of stage 1 with references that have phase equal to mW,,. The four
signals corresponding to the recordiug of the 1t subcar rier harmonic are represented as (in

is arrodd integer) [6]
0 7(m) 2d . (1)
sy \/]’ - cos[mOg, Jsin(0.) -1 g, (15a)
nn ;

I'he Heaviside operation 1 (2){z(m)} denotes the convolution of a:(m) with h(m), i.e. H(z){a(m)} o
o a(h(n- n)

?Loss in Table 1b is for an ideal lowpass fiter with bandwidth I3, and given by f»”:,l.‘l'; sinc? fUdf




2 ] m”m K
S'ljs(;“) : - \/]’d'ﬂ:n Si]l[711()31,] Si]l((’)() - 71‘(<;Ul( (] E)})‘)

2 ] 1t 1
SUY. 4/ r :" cosnO4] cos(0.) 4 1) ar)

? ] T .
SUL - \/]’d~7I 7(” sinfin®,,] cos(0.) - 'Ilfquz( (15d)

whicre th ¢ noi se ter s are p,ivcn l)y

ngil,)” = - H(2) {[n] sin(0,) - 1y cos(0.)) sin[mﬁ'm,]} (16a)
G = - () {r sin(0) 1 1 cos(0)] coslm ]} (16b)
ng;‘,)“ = Heu(2) {[u] cos(0.) - ngsin(0,)] sin[m\i'm,]} (16¢)
nf;f,’u 2 Heu(2) {[711 cos(0,) - ngsin(0,)] (:os[m\j’su]} (16d)
I can be verified that 71.‘(4?,)“, 7"2231,’ ng;t,)”, and nff;‘,)“ arc baschand processes Innited to By,

the bandwidth of the low-pass filker Hgu (2), with aflat ollc-sided 1'S1 )level equal to No/2
W /117 Morcover, it can be shown that

EmG) 1§ ) =0 a,yc {Se,.w,Cs,cCl; av/y

I'(a
m,n¢ {1, 3,..,1} @

F[n(g’f,)n 71231] 0 a¢ {Se,.u,cs,m};
myn€ {1,3,..1/}; wm/n

where £]X]denotes the expected Value” of X > and 1, is the highest harnonic present at A/D

(17h)

outpu t.

Another approach to baseband recording of the received signal is shown in 1ig. 2b. Un-
like the previous recording scheme which uses the two-stage downconversion techuique, this
schieme records each subcarrier harmonic by directly downconverting it to baschand. As
st iown i Fig. 2b, the sampled 11 signal is still distributed into (4n - 2) danncls. The
two chanmels used for recording the residual carrier remain the same for this new scheme.

Conscquently, the recorded carriar is as given by (1%) and (1 3b). 1 lowever, the subcarria

10




harmonics are recorded at bascband by directly downconverting, the upper and lower side:
vands of each harmonic from 1I° to baschand. That is, the '™ subcarrier requires mixi g
the A/D output by mm:_@s - 5@3; and ncm_@a-_ mW,, .0 record the uoper sideband, and by
W:_E_a - 5@:__ and nom_@q - m m_f:_ Lo record the lower sideband. As in the previous record-
ing technique, this downconversion scheme also requires that a integer phase relationship be
naintained between the subcarrier harmonics.

Following the same procedure as in the derivation of ( da)-( 5d) [6], the recorded signals

for this scheme can be shown to be (in is an odd integer)

e wﬁN m
,m.t.r ). - cos|Og - mOy, :.m.:v: (18a
nn
e »N N ML
S [ ‘ cos[Og - mBOg] -l :.m:v., (18h)
R :
m w \ . 113 N
.m.QF ). 4~ « sin[O, - mOy,] - :,m.:vl (18¢)
nm
2d
SUM s P sin[0, - m0,) 1 ) 18d
. /\ 4, sin| 1m0y, - Iy (18¢
where the subscripts, - 7 and ¢ °, respectively denote the upper and lower sidebands. Zhe

() (1) m)

(71¢)

and ngy ~can be shown to have a fla one-sided PSD level

cqual to N within B, 7, the one-sided bandwidth of the low-pass filter g, (2) in <ig. 2b.
These upper and lower sideband noises are correlated with respect to each other because the
recorded signals of the direct recording scheine are correlated. Specifically, using, (15a)-(15d)

Jhe signals in (18a)-(18d) can be rewritten as

Sul - sube gy (19a)

SUM s sy . syl (19b)

SULY . sutm L gyl (19¢)

SUM . sylm - gyim) (19d)
Consequently,

G, = m, 4 n, (20a)

11




(212) (1), ()
Ney, & Msu,o %su,, (20b)

(m) _ () () P
N§Uy™ M SsU, - Msu,, (20c¢)
('m) R (111) N (1“) N
gy, “’SUU -1 “’SU“ (20(])
Al H . - > . . (1)
Clearly, “gill)ﬂ is correlated With "su,. and 7L(§,;l])r , is correlated with ngpy .

4 Coherent Baseband Demodulation

This section considers the coherent baseband demodulation of the carrier, and subcarrier
when the inodulationindex (A in (1)) is suchthat the received signal consists of a sinusoidal
carrictand squam-wave subcarrier; as well as, the case whenthe receved signal consists of a
suppressed carrier with square- wave subcatrier (e, A = 90°). The demodulation functions
begin by reading tlie recorded signals of scction 3 from a tape drive and then processing,
them to oblain control signals for the carmer, subcarrier, and suppressed carrier tracking
loops. Recall that two methods for Dascband recording of the 11* signal were considered
in secction 3. It will be shown that the basclaud processing corresponding to these (we
methods is very similar except for a little extra processing that is required for the direct
downconversion scheine, the second recording, sch eme in section 3. In this section, the carrier
tracking loop, whichi is thiesamne for bothrecording schicines, is described first. Then, the
subcarrier and suppressed carrier loops for the two-stage downconversion recording, scheme
arc described, and followed by the additional processing needed for using thie signals of thie
direct downconversion sche ne.

The carrier tracking loop, depicted nearthebottom of IMig. 3a, respectively mixes the
signals C. and C, with cos(6,) and sin(0,) before subtracting the mixer outputs and accu -
mulating the resulting samples over the loop update interval to forin the carrier loop coritrol
Signal, V;.lence,

(n41)M;-1

V,(n) = - 3 CRT) cos(O(KTY)) - Co(kTL) sin(O(KT))] (21)
Al] k= V‘I‘LAl] '

12




where O, is an cstimate of the recorded carrier phasc .. Substituting (1 3a) and (13L) for C,

and O, then expanding and canceling con nnon terins, ancl assuming that the carrier phase

A A\ . . o gy .
crror, ¢ = O, - O, varies slowly over the loop update imterval, 7, = M, 715, yiclds

V, = fPesin(ec) 4 ny, (22)
where | M A A
ny,(n) = 17 37 [ne (K1) cos(Oc(kT3)) - ne (KT3) sin(O (k7)) (23)
k= wM;

and n,, and n, arc given by (14a) and (14b). Since both n,, and n,, are zeromcan with
a flat one-sided PSD level equal to A'(, W/Hz within a much wider recording, bandwidth
Be compared to 1 /15,, it can be shown that ny, is Gaussian with zero mican andvariance
No/21,. Comparing (22) with (6) indicates that both the bascband carrier loop and the IF
carrier loop have the same cont rol signalinterins of signal power and noise variance. A's a
result, the carrier tracking variance of the bascband loop will be the same as a phase-locked
100]) tuncdtothe 1},

Recallthat the squal-c-wave subcarrier was recorded at baschand by individually mixing,
cach of its harinonics down to baseband and then recording cach harmonic separately. For
cach subcarrier harmonic retained, four baseband signals given by 1 5a)- (15d) were actu -
ally recorded. As shown in Iig. 3a, cachi harmonic of the subcarrier is first read from the
tape recorder and demodulated individually) and then properly weighted and suimned to
reconstruct the proper in-phase and quadrat ure samples for the various Costas loops. The
demodulation procedures require the four recorded signals of cachsubcarrier harionic being
riu L iplied by the estimated carrier referen ces | sin(©,) and cos(0,), and the estimated sub-
carricr harmonic references, sin(mn 0,) and cos(in®,) wherem is an odd integer depending
on the subcarrier harmonic under consideration. As depicted in Iig . 3a,the resulting signals
arc cither added or sublracted to retain terns at ©, - O, and m(Og, - o, ), and eliminate
terms al O, + O, andm(O,, -16,,). The details of these demodulation procedures are pro-

vided in the Appendix A of [6]. ¥a c¢h of the demodulated signals of a particular subcarrier

13




harmonic is then properly weighted and suimimed to reconstruct the desired control signals
for various tracking loops. For example,inthe subcarrier loop depicted 011 the top half of

1 : ic are sca £¢
Yig. 3a, the mt harmonic are sca £¢, by -

. 011 the in-phase arm, and ;:1} sin(% W) on
the quadrature arm (W,, is the subcarrier window sire). Subsequently, the scaled in-phase
signals corresponding to cach harmonic are added to form the input to the in-phase syr n-
L o] accumulator whereas, the scaled quadrature signals are added to forin the input to the
quadrature symbol accunnlator. The prod uct of the in-phase accunmulator output, ¥; in Fig.

3a, and the quadrature accumulator output, Y, ., inFig. 3a, is the subcarrier loop control

signal. The symbol accumulator outputs corresponding, to the I* symbolare givenas [(i]

L
8§~ (1 : ,
Y; :'\/])d(” C()S(d)();‘?}il (]2 cos (]d)su)) -4 ny, (24 )

Jodd
and

}Iq,su = \/])d(ll C()S((f)c) g'l“( d%u)) - 71)(, su (25)

_7 1
yodd

8" >ﬂ. 7rH )
(

where the independent noise teri s, ny, and ny, ., are shown in Appendix A of [6] to have
variance No/(271) and NoW,,/(21"), respectively, as 1 approaches infinity in the above two
equations. That is, for sufliciently large 1, the noise variances of ny, and ny, ,, arc approxi-
matcly the same as the variances of ny andng,,, in (7) and (8), respectively. Furthermore,
thesignal part of (24) and (1), and (25) and(8)are also equal as 1. approaches infinity. This
can be casily shown by using the Fourier series expansion of F(¢s,) and Fg(¢e,) in (7) and

(8) given as follows,

11 ()13 £OS (6) (26)
JOdd
and
3> sin( 7114,,, .
]l,Q((z{’su = 2 >J ") Sin (]d)su) (27)
Jodd

As a result of the subcarrier loop accumulator outputs of the ARX and BT'D being approx-

imately equal for sufliciently large 1, the control signals, YV, o and 2,7, ., and tracking

14




variance of both loops can also beshown to be equal.

Next, let’s consider the suppressed carrier with subcarrier loop also showninI'ig. 3a. As
shown in the figure, il is a Costas loop sharing the same in-phase arm with the subcarrier
Costas loop. Hence, the suppressed carrier in-phase accumulator output, Y;, is as given
in (24). The processing in the suppressed carrier loop quadrature arm is very similar to

that of the subcarrier loop. Hence, following the samne derivation as in the subcarrier loop

quadrature arm, the suppressed carrier quadrature arn accumulation over the I** symbol
can be shown to be
i L 8 .1 . e
Y, sca = \/] way sin(¢.)- ) L -, COs (Jsu) - NY, e (28)
n J=] ]
yodd

A's before, the equivalence of the suppressed carrier loops of the BTD and ARX is estab-
lished by comparing thein-phase and quadrature accumulator outputs of bothloops. The
equivalence of the in-phase arins has already been shown carlier.  The signal part of the
quadrature arm accuinulations given by (1 2) and (28) are seen to be equivalent after letting
1, go to infinity in (28) andthenusing (26) for the infinite sum. The noise part of (12) and
(28), as I approaches infinity in (28), can aso be showito have the same variance (Are/27),
Furthermore, it can be shown that ny,, and ny, ,, arc uncorrclated to cach other.

The equivalence of the ARX and BTD loops has been shown as I approaches infinity.
Now consider the case when the input to these loops is bandlimited so that the subcarrier
is nolonger a square-wave That is, consider the case when I, in (4) is small. In this case,
the ARX and BT1) loops are not expected to have identical performance, mainly because
the ARX is designed to be optimum for a square-wave subcarrier. The perforiance of both
subcarrier loops for a finite nuinber of harmonics at the input is currently under investigation.
The ARX performance is being quantified for both an unfiltered and filtered square-wave
reference signal. Relative to the case when both the input and reference signals are perfect
square- waves, the first case (filtered input, unfiltered reference) is expected to have degraded

performance because the reference is no longer “matched” to the input. The filtered input,




filtered reference case is expected Lo be better than case one but worse than the BTD loop,
which also uses a filtered square-wave reference. One might immnediately wonder why the
second case is expected to be worse thanthe 11°1°1) when both use filtered references. The
main rcason is that ARX directly mixes the filtered reference with the filtered input which
gives risc to cross-products at the mixer output whereas, the BTD climinates cross-products
by individually mixing the filtered signals one harmonic at a time.

Finally, consider the coherent baseband demnodulation of the signals that were recorded
as a result of the direct downconversion schier ne, the second recording scheme described in
scction 3. As indicated carlier, thic demodulator for the direct scheme is very similar to the
two-stage downconversion scheme demodulator except that the former requires a little extra
processing. Specifically, the recorded signals for the direct schemne, given by (1 8a)- (1 8d), are
combined to yield the signals SUL, SUEY, SUIM and SUL™ which were the input signals
to the two-stage demodulator described in this section. From (29)-(32), it is clear that the
input signals to the two-stage demodulator can be generated by using two adders and two
subtractors (per harmonic) on the signals Sl]g”, S’Uif”), SUC(;”), and SUYY. After these
additions and subtractions, shown in Fig. 3b, the rest of the signal processing remains the

same as the previous scheine.

5 Requirements for Software 1 mplementationof the
BTD

As indicated earlier, the BTD depicted in Fig. 3a is targeted for implementation o11 agen-
cral purposc engincering workst ation. The primary concern with a software implementation
is whether a general purpose workst ation can provide the computational speed required for
rcal time processing of the recorded signals. Yor example, if the received symbol rate is 1 K
symbols/sec and the A/l) sampling rate is 101{ sallqdcs/see, then a real time demodulator

would process 1 OK samples/sec anddetect 11{ sylnt~ols/see, This section first determines
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the computational speed required (in- o]maticIns/sex) for implementing the BTD inreal time
when the symbol rate is 1 K symbols/sce and the sample rate is 1 OK samples/sce. Next, it
deterinines the feasibility of implementing the BTD ona Sun Sparc 2 and Sun Sparc 10
workstation .

R ccall that the two modes for the B'T'1) are the residual carrier with subcarrier mode
(A i/ 90°) and the suppressed carrier with subcarrier mode (A = 900). Thenumber of (acl-
dition and multiplication) operations/scc, for a given mode, can be computed by scparately
counting the operations/sample and operationis/symbol in Fig. 3a and then multiplying by

the operations at the sampling rate and the operations at the symbol rate. Mathemati cally,

Nd#@

ops (_(110. of ‘4 * and ‘x’) ops 10Ksamples _ (no.of “] * and ‘X’) ops (]]&'syml)o]s
)
(29)

sample ) (- SCC ) ( symbol

where the sample and symbol (floating point) operations for the coherent demodulator in
Fig. 3a arc tabulated in Table 2. Both addition and multiplication have been counted as 1
opceration cach. Iurthermore, the look-up table operations are at the sample rate since the
look-up table is considered to be part of the carrier and subearr ier NCOs. The coherent
demodulator for the direct downconversion scheme needs four 1 nore sample operations PCr
harmonic, as shown in Fig. 3b, and is not considered scparately.  With the number of
harmonics, n, cqual 3 (i.c., the 1%, 379, and 5" harmonics recorded) in Table 2, there are 71
opcrations/sample and 48 operations/symbol for the residual carrier inode, and there are 98
opcrations/sample ant] 39 opcerations/symbolinthie suppressed carrier inode. Con sequently,
alt 1 Ksps and 10 KHzsampling rale, a real time processor would be required to provide
768K ops and 1019K ops for the residual carrier and suppressed carrier modes, respectively.
Table 3 lists the throughput utilized by a software iinplementation of thie BTD for various
computers. Throughput, measured in symbols/scc , is defined as the computers total capacity
for work. In Table 3, the percent throughput (at 10K sampling rate and 1K symbol ratc)

utilized by a SunSS-2 was obtained by simulating a portion of the BTD on the Sun SS-
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2 and then lincarly extrapolating the results to determine the throughput utilization fora

software implementation of the entire BTD. The throughput of the remaining computers were
obtained by lincarly extrapolating the Sury SS-2 results using the Specfp92 benchmark. A
Specfp92 rating of a computer, obtained by running a collection of commonly used programs
o11 atarget system, is a ~mlasure of its perforinance relativeto a VA X-11/780. For example,
the sun SS-2 is expected to perform 22.8 times better than a VAX-11 /780 since its Speclp92
rating is 22.8. It is clear from Table 3 that several computers will be able to process the

recorded data in real time.

6 Post-Processing Strategics

Post-processing is one of the key features of the BT'D as it allows the BTD to recover
data lost during acquisition, and resynchronization. Since the received signal is recorded, the
BTD can use different configurations (e.g. different loop bandwidths) to process the signal
and obtain better performance. A moresophisticated strategy relies 011 “smoothing” to use
information obtained fromn the signal after it has been acquired to go back in tiine and use
the extracted a priori information intelligently. Specifically, Kalinan filters or 1JCast-Squares
estimators [7] can be used to process the data backwards where the signal state is formulated
using the phase, frequency, and/or frequency rate of the incoming signal after acquisition
and the covariance matrices arc initialized with the appropriate tracking jitters. Another
approach relies entirely on the information contained in the state-s} hacx representation of
the loop filter. Depending onits order, the filter contains information on the frequency and
possibly frequency rate of the signal. By playing the data backwards, the frequency rate is
reversed in sign and by adjusting the appropriate states of the loop filter, the phase locked
loop canbe made to go back in time while starting mlock. All these techniques are currently
being investigated and their respective perforinances assessed.

Preliminary work, however, onprocessing and reprocessing recorded samples of the down-
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link carrier has been performed [5] where anadaptive carrier loop bandwidth sclection al-

gorithmis used for reprocessing recorded samples of the downlink carrier from the Galileo
spacccraft. Consider Fig. 4 (reprinted from [5]) which shows the loop bandwidth required to
track the Galileo downlink carrier as a functionof elapsed time. The track begins by setting
the carrier phase-locked loop (1'1,1,) toaninitialloop bandwidth I3;. For example, consider
the solid lincin¥ig. 4 which corresponds to 50 =- 0.1Hz. In this case, all the recorded
samples arc initially tracked with a loop bandwidth of 0.1 Hz and the times at which the loop
loses lock are recorded. Samples Jost, during the out-of-lock state are recovered by backward
processing of the samples. The bandwidths used for backward processing are indicated by

the “spikes” in Fig. 4.

‘7 Conclusion

This article presented the Buflered Telemetry Demodulator (11'1°1 )), a software recciver
that is suitable for low cost space missions characterized by low data rates, and relatively
wecak downlinks. The first application of the BTD will be the NASA's Galilco S-Band Mission
where the symbol rate will range from 32 sps to 512 sps and the symbol SNR will be as low
as -10 dB. In scenarios such as Galileo where the link margin is very low, tracking loops
not only take an unusually long time to acquire but often slip cycles. The main advantage
that the BT has over existing deep space receivers is that once acquisition]) occurs, it can
usc estimates of the signal state (sucl 1 as frequency, phase, and doppler rate) to basically go
back in time and recover those symbols lost during acquisition, resynchronization, and cycle
slips. IF'urthermore, since the proposed recording schietnes individually record each subcarrier

harmonic, the BT1) can be casily implemented on several general purpose workstations.
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Ou

d’au

x syl
syl
xsul
syl
xsulm
syl
xsul
syl
xsuly
syt
x syt
syt
x syl

x sy
syl

Glossary

incoming Carrier I'base

Predicted Carrier Phase

Carrier I'base Offset = ¥, - ¥,

Carrier Tbase Oflset Fstimate

Carrier Phase offset Frror = 0, -- 0,

incoming Subcarrier I'base

Predicted Subcarrier Phase

Subcarrier Phase Oflset = ¥, - ‘j!_.,u

Subcarrier Phase Oflset Estim ate

Subcarrier ’base Offset Frror = O, - Oy,

in'~ subcarrier harmonic, derived from mixing the received signal with \/‘Esiil(ﬂf() sin(m \]Alsu)
the low-pass filtered version of X Sl],f;”)

m subcarrier harmonic, derived from mixing the received signal with \/ﬁsin(\i'c) cos(7wl\i/su)
the low-p ass filtered version of X syl

1t subcarrier harmonic, derived from mixing the received signal with /2 cos(¥.. ) sin(m¥,,)
the low-pass filtered version of X .S'Ug“)

m' subcarrier harinonic, derived from mixing the received signal with v/2 cos(¥ ) cos(mW,, )
the low-pass filtered version of X UL

m*™ subcarrier harmnonic, derived from mixing the received signal with v/2 sin(¥, 4 TR
the low-pass filtered version of X SU_,(;“)

mt subcarrier harmonic, derived from mixing the received signal with /2 sin(¥, - m\i!su)
the low-pass filtered version of X SU‘SL)

m™ subcarrier harmonic, derived from mixing the received signal with /2 (:os(\iff 4 m\ilsu)
the low-pass filtered version of X SUC(;”)

m!" subcarrier harmonic, derived fromn mixing the received signal with \/5 cos(Ve - mW¥sy)
(m)

the low-pass filtered versionof X SU_;"
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Table la, Loss in data power as a functlon of subcartier harmonics.

Table Ib, Loss in data power due to
ideal low-pass filtering of data.

1lighest recorded Number of subcarrier
subcarrier harmonic, harmonicsat A/l) lLoss, dB o
1, output , n B T Loss, dB
1 1 0.91 1 0.44
3 2 0,45 2 0.22
5 3 0.30 3 0.15
7 4 0.22 4 0.11
9 5 0.18 5 0.09
Table 2. Required number of operations for the demodulation function (nIs the
number of harmonics recorded),
Multiplication Multiplication  Addition Addition
Mode operations operations operations  operations Lookup table
per sample per symb ol per sample pcr symbol
Residual carr ier with subcarrier G + 8n 14 13 46n 24 4 + 2n
Suppressed carrier with subcarrier 44 14n 14 12 410n 25 4 420
Suppressed can icr with no subcarrier G 12 10 17 4

Table 3. Throughput comparison (n Is the number of harmonics recorded).

System SPECH)92 Percent throughput utilized Percent throughput utilized

(n=3) (n= 5)
Sun S§S-2 22.8 100 151
sun SS-10/30 52.9 43 65
sun S8-10/41 64.7 35 53
Sun 5§5-10/52 71.4/CPU 32 (on one CPU) 48 {onone CPU)
SGI Crimson 63.4 36 54
11’ 710 47.6 48 72
HP 750 75.0 30 45
IBM 340 51.9 44 66
IBM 560 85.6 27 41

Intel Xpress (486) 14.0 1GO 242
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